ABSTRACT. We present a spectral line image in CO (J \ 7È6) of the spatially compact molecular outÑow from the massive protostar IRAS 20126]4014, observed using a novel superconductive hot-electron bolometer (HEB) heterodyne receiver we recently installed at the 10 m Heinrich Hertz Telescope. The bipolar outÑow is clearly detected and resolved with a center of symmetry situated at the position of the massive protostar, previously identiÐed as an IRAS source and a millimeter continuum source. The peaks of the emission from the red-and blueshifted CO lobes are separated by B14A (0.1 pc), and the velocity of the CO emission extends^30 km s~1 from the ambient cloud velocity. The total outÑowing gas mass is approximately 4 while the outÑow rate is at least 6 ] 10~4 yr~1. Both high-velocity CO emission maxima M _ , M _ trail the (3, 3) and SiO clumps located 3AÈ4A downstream (farther from the IR source) in the Ñow. The NH 3 high-excitation CO line and the are likely tracing the heated gas entrained in di †erent parts of the bow NH 3 shocks. By interpreting our observations in terms of a jet-driven model, we estimate the density in the underlying jet to be at least 105 cm~3. The outÑow appears much more compact and in a di †erent orientation than the arcminute-scale north/south Ñow seen in low-J transitions of CO. These observations represent the Ðrst successful operation of a superconductive HEB receiver on a telescope and demonstrate the importance of high-frequency submillimeter lines to the understanding of the protostellar environment.
INTRODUCTION
The ongoing development of ground-based submillimeter instruments promises to deliver a greater understanding of the process of star formation. Most notably, in recent years a wealth of information has been unveiled on heavily dust enshrouded objects by new continuum imaging systems such as SCUBA (Holland et al. 1998 ) and SHARC (Wang et al. 1996 ; Hunter, Benford, & Serabyn 1996) . These instruments have made a signiÐcant scientiÐc impact in Ðelds ranging from protogalaxies (Barger et al. 1998 ) to protostars (Andre, Motte, & Bacmann 1999 ; Hunter et al. 1998) . In the latter case, continuum observations are particularly well complemented by spectroscopic observations. Submillimeter spectroscopy is also a burgeoning Ðeld, with niobium-based superconductor-insulator-superconductor (SIS) mixer receivers operating up to 700 GHz with sensitivities near the quantum noise limit (Carlstrom & Zmuidzinas 1996) . Above 700 GHz the superconductive hot-electron bolometer (HEB) mixer has recently emerged ÈÈÈÈÈÈÈÈÈÈÈÈÈÈÈ 1 California Institute of Technology, MS 320-47, Pasadena, CA 91125 ; kawamura=submm.caltech.edu.
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as the technology of choice to compete with SIS mixers, which cease to perform efficiently at these frequencies (Gershenzon et al. 1990 ; Prober 1993) . Superconductive HEB mixers promise to give good noise performance well into the THz frequency range, perhaps up to mid-infrared wavelengths. Consequently, we have built a low-noise 800 GHz superconductive HEB receiver to explore the highest submillimeter frequencies accessible from existing groundbased sites. In this Research Note we demonstrate its importance as a powerful new tool in the study of star formation. The dusty cocoon which shrouds the immediate neighborhood of a massive protostar reprocesses the bulk of the luminosity into far-infrared through millimeter wavelengths (see, e.g., Chini, & Wargau 1987) . Such objects Kru gel, remain deeply embedded in their parent molecular cores for a signiÐcant time (D105 yr) even after an ultracompact H II region (UCH II) has become apparent (Akeson & Carlstrom 1996 ; Wood & Churchwell 1989a) . Owing to the small angular size of these phenomena, a single-dish telescope cannot probe these regions in any detail because at their typical distances of a few kiloparsecs and physical dimensions of D0.1 pc, these objects subtend less than 10A, which is signiÐcantly less than the beam size of most existing single-dish millimeter telescopes. Therefore, the spectroscopic study of these objects has been largely a domain accessible only with centimeter-and millimeter-wave interferometers. However, one obvious possibility is to push the observing frequency higher in order to attain better angular resolution. An example of this strategy is seen in the CO (J \ 6È5) map of the bipolar outÑow in the UCH II region G45.12]0.13 made with an 11A beam by Hunter, Phillips, & Menten (1997) . Pressing even higher into the CO (J \ 7È6) transition, the di †raction-limited full-width halfpower (FWHP) beam size of a 10 m telescope at this frequency is only 8A, which begins to approach the synthesized beam produced by existing millimeter-wave interferometers. By this method, we can seriously consider using a single-dish telescope to image the kinematic structure of high-mass star-forming regions with the added advantage that low spatial frequencies are not missed. Because of the abundance of CO and the presence of very warm and dense molecular gas, these regions will exhibit strong CO (J \ 7È6) line emission. To initiate this observing strategy, we have deployed our new HEB receiver on a single-dish telescope to perform a spectroscopic study of the massive protostar IRAS 20126]4104.
Lying at a distance of 1.7 kpc (Wilking et al. 1989) , IRAS 20126]4104 exhibits a far-infrared luminosity of 1.3 ] 104
with IRAS colors matching the selection criteria for L _ UCH II regions (Wood & Churchwell 1989b) . Superposed on a larger (D2@), massive north/south bipolar outÑow seen in the CO (J \ 2È1) transition (Wilking, Blackwell, & Mundy 1990 ), a compact (\20A) bipolar outÑow at a di †er-ent position angle (P.A.) has been detected in HCO`(1È0), CS (3È2), SiO (2È1), as well as emission (Cesaroni et al. H 2 1997, hereafter CF97 ; Cesaroni et al. 1999, hereafter CF99) . A faint 8.4 GHz continuum source was recently detected by Hofner et al. (1999) and exhibits an elongated, jetlike shape aligned with the compact outÑow. Perpendicular to the compact outÑow, there are indications of a rotating disk seen in the (1, 1) and (2, 2) lines (Zhang, Hunter, & NH 3 Sridharan 1998) and in the (12È11) and (5È4) lines CH 3 CN (CF97 ; CF99). These characteristics comprise a compelling example of a disk-outÑow system around a massive protostar, prior to the appearance of an UCH II region. In this Research Note we present new spectral line observations of this object which resolve the compact bipolar outÑow and reveal an interesting physical relationship between the submillimeter CO (7È6) emission and the centimeter-wave NH 3 emission.
INSTRUMENTATION AND OBSERVATIONS
In 1998 November, we equipped the 10 m Heinrich Hertz Telescope (HHT) with a superconductive HEB mixer receiver that we developed at the Harvard-Smithsonian Center for Astrophysics (CfA). The HHT is a submillimeter telescope located on Mount Graham near Sa †ord, Arizona, at an altitude of 3178 m, run jointly by Steward Observatory of the University of Arizona and the Max-Planck-Institut Radioastronomie in Bonn (Baars et al. 1999) . A comfu r plete technical description of the superconductive HEB receiver system is given by Kawamura et al. (1999) ; here we brieÑy describe the history of its development and its notable features.
Superconductive HEB Mixer Receiver
Recent advances in SIS mixer technology have allowed the construction of heterodyne receivers with nearly quantum-limited noise performance throughout the nearmillimeter wave band (Carlstrom & Zmuidzinas 1996) . However, above 700 GHz SIS mixers based on Nb technology cannot o †er nearly the same level of performance as they do below this frequency. Although it is now widely anticipated that the use of materials with higher gap frequencies will allow the development of low-noise SIS mixers up to 1.2 THz (Zmuidzinas et al. 1998) , the need for an alternative technology above 800 GHz has driven a vigorous investigation into superconductive HEB mixers (Gershenzon et al. 1990 ; Prober 1993) .
Superconductive HEB mixers are simply very fast transition-edge sensors (Clarke et al. 1977 ) operated in the mixer mode by application of local-oscillator (LO) power. They are predicted to be efficient mixers with low-noise performance and wide bandwidth operation. Recent experimental results have shown that this is the case. However, the great strides in the development of superconductive HEB mixer receivers have come only in the laboratory, and these mixers have heretofore never been tested in a real telescope environment. Despite this concern, HEB mixers have already been adopted as the technology of choice for the heterodyne instruments operating above 1 THz aboard SOFIA and FIRST . Questions still linger in the technical and astronomical community as to whether or not this new technology will be useful in practice. To confront this question directly, we designed, constructed, and demonstrated the operation of the Ðrst superconductive HEB mixer receiver on a telescope during 1998 March. The Ðrst set of astronomical data taken with the receiver, now a facility instrument at the HHT, forms the basis of this Research Note.
Two other types of mixers have been used for submillimeter and far-infrared astronomy. The GaAs Schottkybarrier diode mixer has been a proven, widely used technology for far-infrared (FIR) astronomy applications, especially in airborne platforms (see, e.g., Boreiko & Betz 1991) . Compared with Schottky mixers, superconductive HEB mixers are much more sensitive and, in addition, require signiÐcantly less LO power by more than 3 orders of magnitude. The bulk-semiconductor InSb bolometric mixer, whose principle of operation is very similar to the superconducting version, also has a celebrated history, including being the mixer used to Ðrst detect the Ðne-structure transition in C I at 492 GHz (Phillips & Je †erts 1973) . Although it o †ers relatively good sensitivity, the severe drawback with this technology is that its intermediate-frequency (IF) bandwidth, of the order 1 MHz, is simply too narrow for most practical astronomical observations. In contrast, superconductive HEB mixers o †er wider IF bandwidth, up to many GHz. Thus, the rapid development of HEB mixer technology in recent years has largely rendered both types of mixers obsolete for those astronomical applications in which sensitivity is of prime importance.
The design of the HEB mixer is based on the Ðxed-tuned waveguide SIS mixers developed for the Submillimeter Array (Blundell et al. 1995) . In place of an SIS mixer, our receiver incorporates a phonon-cooled HEB mixer fabricated from thin-Ðlm NbN (Gershenzon et al. 1990 ). The mixer is cooled to 4.2 K for operation, which is well below the mixerÏs transition temperature. In this system the superconductive HEB mixer is a direct replacement for an SIS mixer. One signiÐcant advantage is that no magnetic Ðeld is necessary. The receiver has a double sideband receiver noise temperature of about 900 K in the frequency range 670È870 GHz. The receiver IF is centered at 1.8 GHz and is a full 1 GHz wide, corresponding to a velocity range of roughly 370 km s~1 at 806 GHz, the frequency of the CO (7È6) transition. The LO power is provided by a conventional frequency multiplied solid-state oscillator coupled to the signal beam with a polarizing diplexer. We estimate that the optimal LO power incident on the mixer is less than 1 kW. The IF signal from the receiver is upconverted to a center frequency of 3.5 GHz, and then branched to the facility spectrometers. Near 800 GHz the sensitivity and overall performance of our superconductive HEB receiver are competitive to existing SIS systems, e.g., the Caltech Submillimeter Observatory 850 GHz receiver ; see also Keene et al. 1998 ) and the Cologne 810 GHz receiver (Hottgenroth et al. 1997 ; see also Stutzki et al. 1997 ).
CO (7-6) Observations
Observations of IRAS 20126]4104 took place on 1999 February 12 under excellent sky opacity, at q 225GHz B 0.03 zenith, as measured by a tipping radiometer. The LO was tuned to position the CO (7È6) transition at 806.651776 GHz in the lower sideband. At this frequency the sky opacity was approximately q D 0.94 at the target elevation (55¡). The data were recorded with 2048 channel 250 MHz and 1 GHz wide acousto-optic spectrometers (AOS). The receiver noise temperature was 970 K, and the system noise temperature, referred to above the atmosphere, was approximately 7000 K at the target elevation. Initially, we used position switching to roughly measure the extent of the target source. We found it to be sufficiently compact to allow the use of the wobbling secondary with a throw of 4@. We established a grid map of 11 ] 5 points with a sample spacing of 2@@ ] 4@@ for a total map size of 22@@ ] 20@@. Using a 2 Hz wobble rate, we integrated 5 s on-source and 5 s o †-source at each grid point, and 90 s on the central position. At this observing frequency, based on the secondary illumination we chose, we expect a theoretical FWHP beam size of Although we were unable to carefully character-8A .9. ize the actual beam in the time available, observations of IRC ]10216 during the same observing run indicate that the FWHP beam is less than 12A.
The spectra were initially calibrated using the hotchopper technique and then corrected for a telescope efficiency of 0.41 measured on Jupiter, which exhibited an angular diameter of at the time of observations. In our 37A .7 calculations, we have used 145 K for the brightness temperature of Jupiter (Griffin et al. 1986) . Since this planet is too large to provide a measure of the main beam efficiency (g), the resulting temperature scale should be considered as a lower limit to the true main-beam temperature (i.e., g \ 0.41). Also, for the given observing conditions, atmospheric models predict a transmission ratio of 0.93 between the center frequencies of the lower sideband and upper sideband (Grossman 1989) . We have chosen to neglect this detail since its e †ect on the calibration is small compared with the uncertainty in the efficiency estimate and in the models themselves. Finally, the spectra have been smoothed with a boxcar function to a channel spacing of 2.4 MHz (0.9 km s~1). 
RESULTS
The CO (7È6) spectrum averaged over all the sampled positions in the map is shown in the upper panel of Figure  1 . The emission is quite strong in the outÑow lobes, with the at the VLA and in the lower panel is the integrated SiO (v \ 0, J \ 2È1) emission imaged at the Plateau de Bure interferometer. Both gray scales are a logarithmic display from 3% to 100% of the peak intensity. The cross marks the interferometric position of the 3 mm continuum source (Cesaroni et al. 1997 ).
To calculate the outÑow mass and other physical parameters that depend on the mass, it is necessary to estimate the kinetic temperature of the gas and the optical depth of the emission. These quantities can be directly measured by comparing the emission with that from a less abundant CO isotopomer. However, in the case of outÑows, the very nature of the spectra allows us to obtain an accurate estimate for the kinetic temperature and Ðrmly establish that the Ñow is optically thin. First, within molecular clouds where high-mass star formation is occurring, the CO emission from the ambient material is usually optically thick, q ? 1, for transitions at least up to J \ 9È8 (Boreiko & Betz 1991) . Thus, the kinetic temperature of the gas is given by the main-beam brightness temperature at the ambient velocity, Second, at the velocity where the T x B T A *(v LSR )/g. brightness temperature has fallen by about half, the optical depth has fallen to the optically thin regime, q \ 1. This assumes, of course, that the higher velocity material is at least as warm as the ambient velocity material. In outÑows, the high-velocity material is likely to be even warmer. Thus, the outÑow gas, traced by emission at km
, is optically thin and has a lower limit to the kinetic temperature given by T A *(v LSR )/g. Armed with this knowledge, we can compute the total mass in the outÑow from the integrated intensity in the CO (7È6) line wings, assuming optically thin emission. For this transition, the total gas mass in a velocity interval is related to the measured antenna temperature, by the numerical T A *, expression
(cf. Scoville et al. 1986) , where is the angular diameter of h b the beam with uniform illumination, d is the distance, is T x the CO excitation temperature, v is the velocity measured in km s~1, and g is the main-beam efficiency. In determining the coefficient for this expression, we used the widely adopted values for the CO abundance, [CO]/[H 2 ] \ 10~4, and mean atomic weight, (Hildebrand 1983 ). k G \ 1.36 Since we did not measure g, we use calibrated on Jupiter T A * in place of However, an analysis of equation (1) shows T A */g. that as long as g lies between 0.23 and 0.44 (which is a generous range since our measured upper limit is 0.41), the mass calculated varies only by^20%. This uncertainty is insigniÐcant compared with other sources of error such as the CO abundance.
The mass calculation depends on the excitation temperature of the gas. For the CO (7È6) transition, the minimum mass required to explain the emission occurs with K. In our analysis, we assume that the emission is T x \ 155 optically thick at the CO line center, as described above. Under this assumption, we estimate K, equal to the T x \ 40 corrected antenna temperature at the CO line center. Using this temperature yields a total outÑow mass in the mapped region of B3.8 which is about 4 times greater than the M _ , minimum mass. This value can be compared with 4.4 M _ estimated by CF99 on the basis of their observations of the SiO jet, which relies on a rather uncertain value for the SiO abundance, and an excitation tem-[SiO/H 2 ] \ 2 ] 10~9, perature of 30 K. The good agreement is interesting given that the two molecules trace di †erent regions of the Ñow. To compute the physical parameters of the outÑow that depend on the inclination angle, we used i \ 9¡ from the jet model in CF99. Our results are summarized in Table 1 . Most notably, after this geometric correction, the characteristic velocity of the outÑow scales upward from 9.5 to 61 km s~1.
An interesting comparison can be made among the morphology of the CO, the and the SiO emission. The NH 3 , emission appears in three main clumps : at the position NH 3 of the protostar (the FIR/millimeter source), and at two nearly symmetric positions 10A out into the lobes. The NH 3 emission in the lobes appears at locations similar to the near-infrared emission and the peaks of the SiO emis-H 2 sion of CF97. The clump northwest of the protostar NH 3 delineates a bow-shaped structure. Notably, the peaks of the high-velocity CO (7È6) emission precede the peaks NH 3 in the lobes, occurring about two-thirds along the way from the protostar to the emission. NH 3
DISCUSSION
From the morphological evidence, we hypothesize that the jet/outÑow system in IRAS 20126]4104 indicates a prompt entrainment mechanism at work, similar to the models proposed for low-mass stars (see Raga & Cabrit 1993 ; Masson & Chernin 1993) . The SiO emission delineates the underlying, well-collimated jet (CF97) ploughing through the extended molecular core traced by the NH 3 (1, 1) and (2, 2) emission (Zhang, Hunter, & Sridharan 1998) . The jet interacts with the molecular gas and produces shocks which accelerate and sweep up the ambient molecular material in a bow shock. The bow-shaped (3, 3) NH 3 emission and the strong and SiO emission at the same H 2 location suggest that this is where the jet is hitting the ambient gas and pinpoint postshock regions with high temperature and enhanced SiO abundance. The displacement of the CO and HCO`emission from these regions indicates that these molecules are reformed at a signiÐcant distance from the apex of the bow shock in its rear wings. This picture is similar to the outÑow in a low-mass analog L1157 (Tafalla & Bachiller 1995 ; Zhang et al. 1995) . A formal analysis of the kinematic structure of the emission will NH 3 be pursued in a future paper (Zhang et al. 1999) .
By analyzing the CO emission, some Ðrst-order details of the outÑow can be gleaned. That the inclination angle of the jet is i \ 9¡ from the plane of the sky is inferred largely from the fact that the SiO emission does not show very large dispersion in velocity along its axis (CF97). With the knowledge of the inclination angle combined with the fact that the gas traced by CO in each lobe is almost exclusively moving in one direction with respect to the ambient velocity, we can estimate the degree of collimation of the CO outÑow. In the approximation of a highly radiative shock described by Masson & Chernin (1993) , where the Ñow of entrained material occurs along an angle, a, from the jet axis, we estimate the maximum value to be a D 15¡. This angle is similar to the values found in low-mass stellar outÑows and implies a jet radius less than 0.017 pc at the position of the CO emission. Equation (6) of Masson & Chernin (1993) relates the rate of momentum transfer to the ambient medium to the jet density jet radius jet P0 , o j , r j , velocity and shock velocity v j , v s :
If we assume the underlying jet velocity to be 300 km s~1, typical of HH objects (e.g., Herbig & Jones 1981) , and set the shock velocity equal to the characteristic CO velocity of 61 km s~1 (inclination corrected), we calculate the number density in the jet to be greater than 1.4 ] 105 cm~3. In their Table 6 , CF99 give the physical parameters of their model of the stellar jet to Ðt their SiO observations. From these values, we obtain an independent estimate of the number density of the neutral jet to be n \ 6 ] 104 cm~3, which is in rough agreement with our estimates for the required jet density. Thus, the jet-driven outÑow scheme forms a consistent model of the region. Therefore, if the presence of a high-density, central jet proves to be a common characteristic of massive protostars, this scenario o †ers a viable explanation for the massive molecular outÑows associated with high-mass, embedded young stars. Finally, we note the contrast between the CO (2È1) and CO (7È6) emission. The Ðrst map of a molecular outÑow toward IRAS 20126]4104 obtained by Wilking, Blackwell, & Mundy (1990) in the CO (2È1) line at 30A resolution revealed a north-south outÑow extending 140A. In comparison, the CO (7È6) outÑow is much more compact and is misaligned by D65¡ from the CO (2È1) outÑow axis. Since the upper energy level of the CO (7È6) transition lies 155 K above the ground level, the emission traces much warmer and denser gas in the outÑow than the low-J transitions. This point is further reÑected in the position-velocity diagram (Fig. 1) , in which the brightest emission comes from the outÑow itself, rather than from the bulk ambient material. High angular resolution maps in low-J CO lines should help to clarify the apparent discrepancy between these lines. For example, the more extended outÑow may be driven by a separate young stellar object.
To summarize, the recent advances in HEB technology will make many molecular transitions in the high-frequency bands accessible to astronomers. The example presented in this Research Note illustrates an important application of the high J-level CO transitions in detecting molecular outÑows toward star-forming regions, especially toward highmass stars. To date, about 300 CO outÑows are known to be associated with young stellar objects, the majority of them powered by low-to intermediate-mass young stars. One of the hurdles in Ðnding molecular outÑows from young high-mass stars is the confusion of intervening gas and the complexity of the regions. The high J-level CO lines can be a useful probe of warm outÑows excited by highmass stars while Ðltering out relatively cold gas along the line of sight. The total observation time for the data we have presented was less than 15 minutes. We envision that a modest survey of high-mass star-forming regions is not only feasible but efficiently performed by carrying out observations similar to those we have described.
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